Abstract. A mutant (ML 308-22) was isolated. from Escherichia coli ML 308, which had lost the normal capacity to accumulate lactose analogs despite an increase in the membrane carrier activity. The exit of thiomethylgalactoside was much faster than normal, accounting for the inability of the cell to maintain high intracellular concentrations of galactosides. Growth of the mutant on lactose was normal at high concentrations of sugar and impaired at low concentrations. This transport defect appeared to be limited to the lactose transport system as D-fucose and a-aminoisobutyric acid uptake and accumulation were normal. It is inferred from the data that the mutant possessed a defect in the coupling of metabolic energy to lactose transport.
Introduction. The transport of a sugar across a cell membrane against a chemical gradient requires the coupling of energy derived from cellular metabolism to the membrane carrier. The lactose uptake mechanism in Escherichia coli is particularly suitable for studying this phenomenon, since energy-coupled carriers and total carriers for lactose may be estimated independently. Entry of o-nitrophenylgalactoside (ONPG) into this cell is not affected by uncoupling agents and therefore is a good assay for total lactose carriers, coupled plus uncoupled. The active transport of thio-methylgalactoside (TMG), on the other hand, may be used as an indicator of energy-coupled lactose carriers.
An important question is whether energy coupling affects the entry step or whether it affects exit of galactosides from the cell. Experiments of Winkler and Wilson' with azide-poisoned E. coli ML 308 cells suggested that energy coupling reduced the affinity of the carrier for substrate in the exit process without affecting entry, thereby leading to accumulation of fl-galactosides within the cell. Confirmation of this hypothesis might come from the study of a mutant whose transport carriers are uncoupled from the energy yielding reactions of the cell. This report describes the isolation and properties of such a mutant.
Materials and Methods. E. coli strains ML 308 (i-z+y+a+) and ML 35 (i-z+y-a+) were isolated in the laboratory of Dr. J. Monod; ML 308-1710 (i-z+ydef), isolated from ML 308, poseessed normal O-galactosidase activity but only 10% transport activity. The growth medium used was mineral medium 632 plus 50 mM NaCI and 1% Tryptone (Defco). The cells were centrifuged, washed once with medium 63, and resuspended in medium 63 plus chloramphenicol (50 ,gg/ml) to block protein synthesis.
Hydrolysis of ONPG by whole cells was used as a measure of transport carriers; the ONPG hydrolysis by toluenized cells was used to measure 0-galactosidase.' 4 Uptake of radioactive 0-galactosides and counterflow experiments were performed as described previously.' The assay for M proteinb was carried out under the direction of Dr. Eugene P. Kennedy with the assistance of Miss Marilynn Rumley. Isolation of mutant (to be designated ML 308-22): Mutant ML 308-22 was isolated from E. coli ML 308 by the general method of Miller-Hill, Crapo and Gilbert.6 E. coli ML 308 were grown in medium 63 containing 20 mM glycerol, 0.5 mM IPTG, and 3 mM T-ONPG for 48 hr at 370 from an initial inoculum of 106 cells/ml. Cells were plated on tetrazolium lactose plates.7 The mutant ML 308-22 was slightly defective (the colony was white with a pink center).
Results. "4C-TMG accumulation by mutant ML 308-22 and wild-type ML 308: A spontaneous mutant was isolated from ML 308 which had lost most of its ability to accumulate f3-galactosides actively. Figure 1 shows that mutant ML 308-22 possessed about one-tenth of the active transport capacity of ML 308. Over a range of external '4C-TMG concentrations from 0.01 to 4 mM, the steady state level achieved by the mutant was 13 per cent +t 2.7 (SD, N = 12) of that of ML 308. The same loss of concentrating ability was observed whether the cells were grown in amino acid medium in the presence or in the absence of 0.5 mM IPTG, or in medium 63 with 1 per cent glycerol as sole carbon and energy source. This defect in sugar accumulation by ML 308-22 cells was also observed with isopropylthiogalactoside (IPTG) and thiodigalactoside (TDG).
The per cent inhibition of TMG transport by various galactosides was similar in the mutant and parent ( and Pardee,' had little effect on TMG accumulation by either cell type. Glucose at a concentration of 5.6 mM also had no inhibitory effect. The accumulation of 14C-TMG was measured as in Fig. 1 . The concentration of 14C.TMG in the medium was 0.11 mM, that of other galactosides 1.1 mM, as indicated. Steady-state intracellular levels were reached after 10-min incubation. ML 308 TDG 4.5 The cells were prepared as in Fig. 1 . ONPG hydrolysis was measured by incubating 1.0-ml cells at 350 Klett units (2.1 X 109 cells/ml) with 3.5 ml medium 63 and 0.5 ml 20 mM ONPG. TDG was added to a concentration of 20 mM, where indicated.
ONPG hydrolysis by washed cells (assay for total lactose carriers): While the TMG accumulation was reduced in the mutant, the total number of carriers as determined by ONPG hydrolysis was increased ( Table 2 ). The release of o-nitrophenol from ONPG by washed suspension of the mutant was 153 per cent i 17 (SD, N = 9) of that of ML 308. The rate-limiting step in this reaction has been shown to be membrane transport.4 Thiodigalactoside, a lactose analog with high affinity for the transport system (but not for #-galactosidase), strongly inhibited this ONPG entry in the mutant strain, confirming the view that this ONPG hydrolysis was a measure of the membrane carriers for lactose. In spite of the observed changes in transport of the mutant, the Km values for uptake of TMG (0.7 mM) and ONPG (1.6 mM) were the same for the mutant and the parent.
TMG counterfiow: Azide-treated cells were preloaded with TMG separated from the medium, and finally resuspended in 14C-TMG (Fig. 2) . The concentration of radioactive sugar within the cell rose to levels well above that in the medium (due to the inhibition of efflux), and subsequently fell to the concentration in the external medium (as the preloaded sugar was lost from the cell). In such an assay the initial rate of uptake would be expected to be proportional to the effective concentration of membrane carriers. In addition, a reduction in carrier activity resulted in a displacement of the peak to the right (see ML 308-1710 in Fig. 2 ). Since the mutant showed a somewhat more rapid 163 per cent of that in the parent organism (Table 3 ). This value was in agreement with that obtained from ONPG hydrolysis. In this experiment, the cellfree extract of ML 308-22 contained 147 per cent of the f3-galactosidase activity of that of ML 308, indicating that the levels of both transport and ,B-galactosidase were increased.
Inhibition of exit in unpoisoned ML 308-22: If many of the membrane carriers of ML 308-22 were uncoupled from energy and possessed a low Km for exit,' then preloading of unpoisoned cells should produce a dramatic inhibition of exit as shown by a counterflow-type of curve. Such a result was obtained with the mutant (Fig. 3) while similar preloading of the parent caused no such E. coli cells of each strain were grown to mid-exponential phase at 370 with vigorous aeration in 600 ml Tryptone-medium 63. The cells were harvested, washed with 20 ml medium 63, and resuspended in 6.5 ml of a mixture consisting of 0.05 M Tris buffer pH 7.4, 1 mM MgSO4, 0.1 mM Na2-EDTA, and 5 mM mercaptoethanol. The cell density was adjusted to 23,000 Klett units (No. 42 filter). The cell suspension was sonicated in four 20-sec bursts in an MSE sonicator at -5°, then centrifuged for 10 min at 3000 X g and the precipitate discarded. Each reaction vessel contained: 0.1 ml of a mixture Hs-TDG (final concentration 0.4 mM), 32p potassium phosphate (final conc 0.08 mM) pH 7.0, 0.1 ml H20, or 0.1 ml 100 mM TDG where "chase" indicated; 0.8 ml supernatant fluid of sonicated cells was added to start the reaction. The ratio of counts of 32P to H' was 1.075.
The reaction mixture was incubated for 15 min at 280. The tubes were then centrifuged for 1 hr at 40 at 39,000 X g in a Servall refrigerated centrifuge with an SS-34 rotor. The supernatant fluid was discarded and the tubes carefully swabbed. The pellets were resuspended in 0.8 ml of 5% Triton X-100 with the aid of a homogenizer. Three 0.2-ml aliquots of the pellet suspension were placed in scintillation counting vials with 0.8 ml water and 10 ml Patterson-Green counting fluid consisting of 8 gm PPO, 200 mg POPOP per 3 : 1 of a mixture of toluene and Triton X-100 (2 : 1, v/v). Tritium and 32p were counted on two channels in the Packard Scintillation counter. Each value in the table represents the average of three aliquots. The proteins of the cell free extracts were determined with a microbiuret procedure" and were found to be 27 mg protein/ml. The ,-galactosidase activities of the sonicates were 2.66 (ML 308), 3.92 (ML 308-22) and 2.69 (ML 35) #M ONPG/min/mg protein.
counterflow. These data were consistent with the hypothesis that the mutant possessed an exit pathway with a low Km.
Growth of ML 308-22 and ML 308 on lactose: It was postulated that at low lactose concentrations the energy-linked accumulating system might play a role in concentrating the growth substrate. When ML 308-22 and ML 308 were grown in mineral medium 63 plus 25 mM lactose, both cells had a similar doubling time (Table 4) . When lactose was present at 0.5 mM, ML 308-22 had a longer doubling time; at an external concentration 0.25 mM lactose, the mutant did not grow, while ML 308 was capable of doubling at the same rate as at high lactose concentrations.
Effect of lactose on the growth of ML 308-22 in 1 per cent glycerol: Hofsten12 and Holms13 have shown that growth of E. coli on succinate or glycerol is abruptly halted for various periods if lactose or other substrates of the lac transport system are added to the culture. Holms13 suggested that the lag period was caused by the cells using energy for lactose transport at the expense of growth. When lactose was added to give a concentration of 1 per cent to a culture of ML 308 cells growing on medium 63 and 1 per cent glycerol, there was an immediate cessation of growth and 84 minutes elapsed before the resumption of growth at the same rate as before (doubling time of 80 min). ML 308-22 cells, treated similarly, showed no lag in growth (doubling time of 70 min) on addition of lactose.
Uptake of AIB and D-fucose by ML 308-22 and ML 308: The possibility was considered that a general energy-coupling process common to many substrates was defective in the mutant. To test this hypothesis the capacity to accumulate another sugar was tested. Thus cells were exposed to 1.5 ,uM H3-D-fucose and the mutant was found to accumulate the sugar to the same intracellular concentration (24 ,uM) as the parent. Likewise the accumulation of the amino acid 14C-AIB was normal in the mutant.
Exit of 14C-TMG: Since ML 308-22 accumulated less galactoside than ML 308, but possessed a similar entry mechanism, it was inferred that exit of sugar must be increased in this mutant. This expectation was confirmed experimentally (Fig. 4) .
Discussion. Studies on sugar transport in E. coli by several workers have indicated that energy-uncoupling agents increase the rate of exit without affecting entry1' 14-16 (entry and exit being facilitated by the same membrane carrier). Previous studies in this laboratory1 indicated that this uncoupling effect was produced by increasing the affinity of the carrier for exit. It was proposed1 that carriers react with a high affinity with substrate molecules on the external face of the cell membrane, followed by translocation to the inner face of the membrane, these two steps not requiring energy. At the inner face, energy coupling leads to a marked reduction in affinity resulting in displacement of the substrate from the carrier. According to this hypothesis these low-affinity carriers then return to the outer face of the membrane, where the high affinity is restored by a process which does not require energy, thus completing one revolution of the cycle. On the basis of this hypothesis a selection procedure was devised for the isolation of a mutant with an energy-uncoupled lactose transport system. Cells were selected which fermented lactose but failed to accumulate the galactoside T-ONPG. A mutant (ML 308-22) was found with a severe defect in the accumulation of thiogalactosides without an associated reduction in activity of membrane carriers. Indeed, somewhat greater activity in the carriers was noted. The severalfold acceleration of exit from the mutant cells (Fig. 4) accounted for their inability to maintain a high intracellular concentration of sugar. A low Km of the exit carriers in ML 308-22 was suggested by the ability of preloaded TMG to prevent exit and produce a transient rise in the intracellular concentration of 14C-TMG (Fig. 3) . This exit pathway was presumed to be via the lactose transport carrier. The TDG-sensitive ONPG entry (a measure of noncarrier mediated pathway) appeared normal (Table 2) . Furthermore, Dfucose and AIB transport in ML 308-22 were the same as the parent suggesting exit for these substances was normal. Taken together these data are consistent with the hypothesis that this mutant lacks some part of a specific energycoupling mechanism necessary for accumulation of sugars by the lactose transport system. The exact site of the defect in the mutant cannot be determined without further studies including genetic analysis.
The significance of the elevated levels of i3-galactosidase and M protein is not clear at the present time. According to Novick,"7 reduplication of the lac operon is not associated with a depressed level of TMG accumulation.
